INTRODUCTION
Cardiac fibrosis is a disease signified by a pathological increase in extracellular matrix (ECM) proteins that can result in structural remodeling of the heart (1). This process can occur as a normal physiological response to tissue injury where the heart responds to repair and preserve structure and function of the organ (2) . As such, there is controlled deposition of ECM proteins, particularly collagen, with a regulatory element provided by ECM-modifying enzymes, including the matrix metalloproteinases (MMPs).
However, maladaptation of this wound repair process, either by persistent chronic injury or an inability to regulate the response, can result in a pathological reactive fibrosis, which is detrimental to the functionality of the organ. Pathological cardiac fibrosis can develop from a number of stimuli including, ischemia, inflammation, pressure overload (observed in hypertensive heart disease and aortic stenosis) and volume overload (for example, mitral or aortic regurgitation) (2) . A common feature of all these stimuli is tissue hypoxia, either directly occurring because of defects in oxygen supply or indirectly, because of increases in oxygen * To whom correspondence should be addressed. Tel. +35 317166729; Fax: +35 317166701; Email chris.watson@ucd.ie # The Author 2013. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com consumption by infiltrating inflammatory cells and activated resident cells. Prolonged local tissue hypoxia can lead to aberrant ventricular remodeling and cardiac fibrosis (3) (4) (5) . One mechanism that is believed to contribute to this process is the accumulation of gene expression changes within the interstitium, resulting in an overactive fibrotic phenotype (6) . Long-term adaptation to this hypoxic insult is likely to require significant modification of chromatin structure in order to maintain the fibrotic phenotype. In this regard, we propose that epigenetic modifications, such as DNA methylation, play an important role in dictating cellular responses to chronic hypoxia and the progression of cardiac fibrosis.
DNA methylation is an epigenetic modification, which involves the addition of methyl groups to cytosine residues already incorporated into DNA sequences, forming 5-methylcytosine (5MeC). This can either physically prevent transcription factor binding or reduce access to gene regulatory regions through local chromatin condensation, with both processes resulting in gene repression. DNA methylation is regulated by a family of DNA methyltransferase (DNMT) enzymes. DNMT1 preferentially methylates hemi-methylated DNA and is required to maintain the methylation pattern of the genome in daughter cells during cell division. DNMT3A and DNMT3B are de novo methylating enzymes that are responsible for establishing the initial methylation patterns of the genome during development, whose expression reemerges in disease states (7) . Dysregulation of this process has been extensively studied in cancer; however, its importance in fibrotic diseases is limited, particularly in the field of cardiac fibrosis (8) (9) (10) .Therefore, the aim of this study was to investigate the pro-fibrotic impact of hypoxia and whether alterations in DNA methylation could play a role in this process.
RESULTS

Myocardial tissue hypoxia is associated with an enhanced fibrotic gene expression profile
Following ethical approval and informed patient consent, human right atrial tissue samples were collected from the hearts of 26 patients undergoing elective cardiac surgery. RNA was extracted from this tissue and was used to look at the relationship between hypoxia and collagen production using quantitative real-time PCR (QPCR). The degree of carbonic anhydrase IX (CAIX) expression was used as a validated surrogate marker for cardiac tissue hypoxia (11) . Relative gene expression levels of CAIX significantly correlated positively with those of alpha-smooth muscle actin (ASMA) (r ¼ 0.42, P , 0.05; Fig. 1A) . A significant positive correlation between collagen 1 gene expression with CAIX was also detected (r ¼ 0.50, P , 0.01), as highlighted in Figure 1B . Collagen 3 gene expression was not statistically associated with changes in CAIX expression, although a positive trend was observed (r ¼ 0.35, P ¼ 0.08).
Tissue hypoxia is associated with increased collagen deposition
The degree of collagen deposition within human atrial tissue samples was assessed using Masson's trichrome (MTC) staining. Examples of myocardial tissue stained with MTC can be observed in Figure 1D , with positive blue staining for collagen being evident, and myocytes staining red. This figure highlights examples of both interstitial and perivascular fibrosis. Two methods were used to analyze the collagen content within the MTC-stained slides, namely, digital quantification of positive pixels (Fig. 1E , an example where the positive pixel algorithm has been applied to a MTC-stained slide generating a markup image detailing the positive blue pixels representing collagen) and blinded manual scoring by a pathologist (Fig. 1F , examples of manual scoring images grading collagen deposition between 0 and 5).
The relationship between collagen deposition and hypoxia was assessed by dividing the MTC slides into two groups based on median gene expression levels of CAIX. Results indicate that increased tissue hypoxia (higher CAIX expression) was associated with a significant increase in collagen (P , 0.05). This was observed in both the automated digitally analyzed positive pixel quantification of collagen (Fig. 1G ) and the blinded manual scoring of MTC staining (Fig. 1H ).
Hypoxia induces a pro-fibrotic state in cardiac fibroblasts in vitro
These results indicate that the degree of hypoxia within myocardial tissue is associated with increased expression of the pro-fibrotic genes ASMA and collagen 1, as well as increased deposition of fibrillar collagen protein. As the likely source of the increased collagen within the myocardium is the cardiac fibroblast, we undertook in vitro hypoxia studies, utilizing human primary cardiac fibroblast cells (HCF). HCF were cultured in either 21% oxygen or 1% oxygen for up to 8 days. Culturing cells in 1% oxygen stabilized nuclear HIF-1a and increased the expression of CAIX, indicating that the cells were experiencing a hypoxic environment ( Fig. 2A and B, respectively). Under these conditions, an increase in cell proliferation was observed, another pathological feature of fibrosis (Fig. 2C) . Using QPCR, a significant increase in both ASMA and collagen 1 gene expression was detected at 4 and 8 days post-hypoxia, compared with cells grown under normoxia ( Fig. 2D and E) . Interestingly, the pro-fibrotic effects of TGFb1 treatment were enhanced in hypoxia. TGFb1 treatment of HCF significantly increased ASMA and collagen 1 gene expression, and this was further enhanced if the cells were exposed to 8 days hypoxia (Fig. 2F and G, respectively).
Hypoxia causes DNA hypermethylation and increased DNA methyltransferase expression in cardiac fibroblasts
To determine whether the pro-fibrotic effects of hypoxia were associated with epigenetic changes within the HCF, DNA methylation studies were carried out. Global DNA methylation was analyzed in cells exposed to either 21% oxygen, 1% oxygen for 4 days or 1% oxygen for 8 days. Application of an antibody directed to methylated DNA (anti-5MeC) and quantification using flow cytometry revealed significant DNA hypermethylation in hypoxic cells (P , 0.001; Fig. 3A ). Confirmation of specific nuclear staining was achieved using immunofluorescence microscopy, as highlighted in Figure 3B , with specific nuclear anti-5MeC positivity over a background of the blue nuclear counterstain DAPI. To Figure 1 . Tissue hypoxia is associated with an enhanced fibrotic expression profile. Human cardiac tissue (n ¼ 26) was obtained from cardiac by-pass patients. Collected samples were immediately divided into two parts, one for gene expression analysis and the other for histological staining. Quantitative real-time PCR was used for gene expression analysis. Within human cardiac tissue, the hypoxia marker CAIX significantly correlated with gene expression of ASMA (A) and collagen 1(B). Collagen 3 gene expression was not statistically associated with changes in CAIX expression (C). Panel D from left to right highlight examples of increased collagen deposition within the interstitium (top) and perivascular (bottom) in cardiac tissue stained with MTC. The blue staining of the cardiac tissue represents collagen. Collagen deposition was quantified using automated positive pixel analysis of digitally scanned slides (E and G) using an Aperio ScanScope XT Slide Scanner and Imagescope software analysis (Aperio), as well as manually graded by a pathologist (F and H). The relationship between collagen deposition and hypoxia was assessed by dividing the MTC slides into two groups based on median gene expression levels of CAIX. Using both methodologies, increased tissue hypoxia (higher CAIX expression) was associated with a significant increase in collagen deposition (P , 0.05). Data presented in bar charts represent mean + SEM.
* P , 0.05.
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Human Molecular Genetics, 2014, Vol. 23, No. 8 Figure 2 . Hypoxia induces a pro-fibrotic state in cardiac fibroblasts. Primary human cardiac fibroblast cells were exposed to 1% hypoxic environment for up to 8 days to assess the pro-fibrotic impact of hypoxia. Chronic hypoxic exposure resulted in HIF-1a protein stabilization (A), increased the expression of the hypoxia surrogate marker CAIX (B) and increased cell proliferation (C). Gene expression levels of ASMA (D) and collagen 1 (E) were significantly up-regulated following 4 and 8 days of exposure to hypoxia compared with normoxic controls. Hypoxic fibroblasts exhibited an enhanced response to the pro-fibrotic cytokine TGFb (F and G). Both ASMA and collagen 1 gene induction by TGFb were significantly magnified under hypoxic conditions. All experiments n ¼ 3, except 2C which is n ¼ 6). Data represent mean + SEM. * P , 0.05, * * P , 0.01, * * * P , 0.001.
Human Molecular Genetics, 2014, Vol. 23, No. 8 2179 Figure 3 . Hypoxia causes DNA hypermethylation and increased DNMT expression in cardiac fibroblasts. Hypoxia-induced epigenetic changes were assessed in primary human cardiac fibroblast cells through the study of DNA methylation. Results indicate that global DNA methylation was enhanced in cardiac fibroblast cells exposed to a chronic hypoxic environment (1% oxygen for up to 8 days), as determined using an antibody specific to DNA methylation (anti-5MeC) and flow cytometry (A), n ¼ 6. Immunofluorescence confirmed the nuclear specificity of the anti-5MeC antibody (B). DNA hypermethylation in hypoxia occurred against a background increase in DNMT enzyme expression. Gene and protein expression of both DNMT1 (C and F) and DNMT3B (E and F) were significantly elevated in hypoxia, n ¼ 3. DNMT 3A levels were unchanged (D). Within human cardiac tissue samples (n ¼ 26), gene expression levels of DNMT1 and DNMT3B significantly correlated with the expression levels of the hypoxia marker CAIX (G and H). Data presented in bar charts represent mean + SEM. * * P , 0.01, * * * P , 0.001.
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investigate possible mechanisms of hypoxia-induced DNA hypermethylation, the enzymes that catalyze this process were quantified, namely the DNMT. The gene expression levels of DNMT1, the enzyme primarily responsible for maintaining the methylation status of daughter cells during cell cycle, and the de novo methylating enzyme DNMT3B were both significantly up-regulated as early as 24 h following exposure to a 1% hypoxic environment (P , 0.001; Fig. 3C and E). Levels of the de novo methylating enzyme DNMT3A were unchanged (Fig. 3D ). Western blot analysis of hypoxic nuclear extracts showed that DNMT1 and DNMT3B protein was significantly up-regulated in hypoxia (Fig. 3F) , suggesting a possible role in regulating the global changes in DNA methylation in this environment. Interestingly, when examining the human cardiac tissue samples, gene expression levels of DNMT1 and DNMT3B significantly correlated with those of CAIX (r ¼ 0.64, P , 0.001; r ¼ 0.50, P , 0.01, respectively, Fig. 3G and H).
Hypoxic regulation of DNA methyltransferases is mediated by HIF-1a
The mechanism by which hypoxia regulates the expression of DNMT1 and DNMT3B was explored owing to the importance of these maintenance and de novo methylating enzymes in cellular adaptation to chronic hypoxia. Following analysis of the DNMT1 and DNMT3B promoter, a consensus sequence for a HIF-1a-binding site, referred to as a hypoxia response element (HRE), was identified. Accordingly, this hypoxia-mediated transcription factor posed as a likely candidate for regulating DNMT expression. To investigate this further, a luciferase expression construct containing the human DNMT1 or DNMT3B promoter was generated (pDNMT1-Luc and pDNMT3B-Luc, respectively). An additional construct was generated where the HIF-1a-binding site was mutated (pDNMT1-DHRE-Luc and pDNMT3B-DHRE-Luc). Hela cells were selected as a suitable vehicle to investigate hypoxic regulation of DNMT owing to their transfectability and as they possess a functional HIF-1a responsive pathway when exposed to 1% hypoxia, as indicated by nuclear protein stabilization ( Fig. 4A ). Hela cells were transfected with either a luciferase construct with a functional or HRE-mutated DNMT promoter sequence. Cells were cultured in normoxia or 1% hypoxia for 24 h, prior to analysis of luciferase activity. Results indicate that the DNMT1 and DNMT3B promoter activity was increased by 2-to 3-fold in hypoxia (P , 0.05). Hypoxia-mediated DNMT1 and DNMT3B promoter activity was significantly attenuated when the HIF-1a-binding site was mutated (P , 0.01; Fig. 4B and C).
As supportive evidence of a role for HIF-1a in regulating the expression of the DNA methylation maintenance enzyme DNMT1, and the de novo methylating enzyme DNMT3B in hypoxia, HCF were treated with the prolyl hydroxylase inhibitor DMOG in normoxia. As highlighted in Figure 4D , DMOG treatment stabilizes nuclear HIF-1a protein expression and also results in increased expression of DNMT1 and DNMT3B.
Collectively, these data indicate that hypoxia-induced expression of DNMT1 and DNMT3B in cardiac fibroblast cells is at least in part regulated by the hypoxia-inducible transcription factor HIF-1a. The de novo methylating enzyme DNMT3B is the most likely candidate to be responsible for hypoxia-induced aberrant DNA hypermethylation, which is maintained by DNMT1.
Targeted inhibition of DNA methyltransferases reduces the fibrotic markers collagen and alpha-smooth muscle actin
Based on these results, we investigated the impact of reducing DNMT3B levels on the expression of fibrosis-related genes. These experiments were carried out using siRNA to prevent/ reduce DNMT3B expression. Human cardiac fibroblast cells were transfected with either siDNMT3B or control siRNA and were analyzed 4 days later using western blotting to quantify cellular levels of collagen 1 and ASMA. siRNA-targeted DNMT3B knock-down resulted in a significant reduction in the expression of pro-fibrotic proteins including ASMA and collagen 1 (Fig. 5A -C) . Successful siRNA knock-down of DNMT3B was confirmed by western blotting. Alpha-tubulin was utilized as a loading control.
In addition to specifically targeting DNMT3B, the impact of a global DNA methylation inhibitor 5-aza-2 ′ -deoxycytidine (5-aza) was assessed for potential anti-fibrotic properties. Treating hypoxic fibroblasts with the DNMT inhibitor 5-aza inhibited the pro-fibrotic effects of TGFb, one of the most potent profibrotic agonists. 5-aza significantly reduced the expression of ASMA and collagen 1 ( Fig. 5D and E).
DISCUSSION
The detrimental impact of ischemia on the structure and function of the myocardium is well acknowledged. Initial cardiac responses to regional hypoxia, in the setting of coronary artery disease, are likely organ protective. However, chronic insults or maladaptation can lead to reactive cardiac fibrosis that over time may potentially lead to heart failure (3, 5) . The importance of this led us to investigate the relationship between myocardial tissue hypoxia and fibrosis and to determine whether hypoxia can regulate the fibrotic phenotype in cardiac fibroblast cells. We also sought to examine whether any hypoxia-induced profibrotic responses were related to changes in the epigenetic profile of cardiac fibroblast cells.
Using human cardiac tissue, we were able to look at the relationship between the degree of tissue hypoxia and fibrosis. The extent of myocardial tissue hypoxia was assessed by quantifying the gene expression levels of CAIX. CAIX is involved in cell adhesion and pH regulation with its expression being controlled by hypoxia-inducible factor 1 (HIF-1). The utility of CAIX as a marker of myocardial tissue hypoxia has been shown (11) . In this study, CAIX was chosen as a surrogate marker of hypoxia as the surgical biopsies were processed in a way that would not have preserved HIF-1 protein stabilization (12, 13) . In support of this, we provided confirmation that CAIX is hypoxia inducible in primary human cardiac fibroblast cells, as indicated in the in vitro experiments (Fig. 2) . Analysis of the myocardial tissue highlighted a significant positive correlation between gene expression levels of CAIX with both collagen 1 and the myofibroblast differentiation marker ASMA. Collagen 3 gene expression did not significantly correlate; however, a close relationship was observed. To further investigate this, the cardiac tissue samples were stained with MTC blue in order to quantify fibrillar collagen 1 protein deposition. Staining for collagen, blue in appearance, was quantified using two approaches, namely automated digital analysis, which involved applying a positive pixel algorithm to quantify blue pixels within digitalized stained sections, Human Molecular Genetics, 2014, Vol. 23, No. 8 2181 and a manual blinded scoring method carried out by an experienced clinical pathologist. Using the median CAIX expression level, the tissue cohort was divided into low and high CAIX expressers, signifying low and high tissue hypoxia. Using this division, the degree of collagen deposition was compared. Using automated quantification, a significantly higher level of collagen deposition was detected in the more hypoxic tissue (high CAIX) and these findings were confirmed by the blinded manual scoring.
As the main source of enhanced ASMA and collagen in hypoxic cardiac tissue is the fibroblast, we carried out in vitro studies utilizing HCF. In order to create a model of chronic hypoxia, reflective of tissue hypoxia, cells were cultured in 1% oxygen for up to 8 days. Importantly, hypoxia stabilized HIF-1a protein and up-regulated CAIX expression under these conditions, demonstrating the cells were experiencing a hypoxic environment. Interestingly, we also observed an increase in cell proliferation in hypoxia, a process that could contribute to the overall fibrotic burden in vivo. While exaggerated fibroblast proliferation is likely to contribute to the fibrotic response, what is perhaps more important is the differentiation of resting fibroblasts into activated myofibroblasts. We assessed myofibroblast differentiation using ASMA and collagen 1 and report an increase in gene expression in fibroblasts exposed to chronic hypoxia (1%, 8 days) . In addition to promoting myofibroblast differentiation, chronic hypoxia also augmented fibroblast responses to exogenous TGFb1 treatment, with cells exhibiting greater levels of collagen 1 and ASMA induction. These important disease-relevant observations warrant further investigations into the pro-fibrotic nature of hypoxia including the impact on matrix protein production and degradation.
Given the role of chromatin remodeling in regulating cellular phenotypes, we sought to determine whether the hypoxia-induced fibrotic phenotype was dependent upon epigenetic modifications. As such, we sought to determine whether these findings occurred on a background of epigenetic changes, and thus providing a potential platform to support fibrogenesis.
The importance of epigenetics in cardiovascular disease is becoming ever apparent, with previous studies exploring the Figure 4 . Hypoxic regulation of DNMT enzymes is mediated by HIF. DNMT1 and DNMT3B gene promoter regions contain a consensus sequence for a HIF-1a-binding HRE. Promoter studies were carried out using luciferase expression constructs containing either DNMT1 or DNMT3B promoter (pDNMT1/ 3B-Luc) or a mutated construct with the HIF-1a-binding site mutated (pDNMT1/3B-DHRE-Luc), see Materials and Methods and Supplemental Material. Hela cells were transfected and exposed to 1% hypoxia, prior to analysis of luciferase activity. Under these hypoxic conditions, HIF-1 a protein expression was stabilized in Hela cells (A). Compared with promoter activity under normoxic conditions, DNMT1 and DNMT3B promoter activity was increased 2-to 3-fold in hypoxia (B and C). Hypoxia-mediated DNMT 1 and DNMT3B promoter activity was significantly attenuated when the HIF-1a-binding site was mutated, n ¼ 6. Stabilizing HIF-1a protein in human cardiac fibroblasts cells under normoxic conditions using the prolyl hydroxylase inhibitor DMOG resulted in a significant increase in DNMT1 and DNMT3B protein expression (D), n ¼ 3. Data presented in bar charts represent mean + SEM. * * P , 0.01.
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impact of histone modifications on gene expression in various cardiac diseases (14) (15) (16) . However, studies involving epigenetic modifications in cardiac fibroblasts are limited, particularly investigations into DNA methylation changes and subsequent pro-fibrotic phenotypes. Given the importance of this epigenetic phenomenon, and previously published literature highlighting that hypoxia can impact the epigenetic machinery, including DNA methylation in cancer (17, 18) , we examined whether hypoxia can alter the DNA methylation profile of cardiac fibroblast cells. As highlighted in Figure 3A , we found that chronic Figure 5 . Targeted inhibition of DNMT enzymes reduces the fibrotic markers collagen and ASMA. The impact of reducing DNMT levels on the expression of fibrosisrelated genes was investigated using primary human cardiac fibroblast cells. Cardiac fibroblasts were assessed 48 h after transfection with siRNA to target the de novo methylating enzyme DNMT3B. DNMT3B knock-down resulted in a significant decrease in protein expression of collagen 1 and ASMA (A-C), n ¼ 4. Treatment with the global DNA methylation inhibitor 5-aza-2-deoxycytidine (5-aza) significantly reduced TGFb induction of ASMA and collagen 1 gene expression (D and E), n ¼ 3. Data presented in bar charts represent mean + SEM. * P , 0.05, * * P , 0.01.
Human Molecular Genetics, 2014, Vol. 23, No. 8 2183 hypoxia significantly increased global DNA methylation within the genome of cardiac fibroblast cells. Subsequent analysis of the DNMT enzymes revealed that gene and protein expression of both DNMT1 and DNMT3B were increased, highlighting a potential mechanism by which hypoxia can hypermethylate the DNA of cardiac fibroblast cells. Interestingly, the gene expression levels of DNMT1 and DNMT3B within the cardiac tissue significantly correlated with those of CAIX, indicating that the in vitro relationship between hypoxia and DNMTs is also apparent in vivo. During embryogenesis, when the methylation pattern of the genome is being established, the expression levels of the de novo methylation enzyme DNMT3B are high. In contrast, in normal healthy adult tissue, DNMT3B expression is usually low whereas DNMT1 maintains the DNA methylation pattern and phenotype of dividing cells. However, increased expression of DNMT3B has been implicated in the pathogenesis of numerous diseases, including cancer (19, 20) . Therefore, the reemergence of DNMT3B expression in disease states is likely to cause pathological DNA methylation and aberrant gene silencing. We, therefore, examined whether there was a direct role for DNMTs in hypoxia-mediated cardiac fibroblast differentiation and activation. Upon examination of the DNMT 1 and DNMT3B gene, a putative HRE was discovered in the 5 ′ UTR, providing a mechanism by which hypoxia can drive its expression via the transcription factor HIF-1a. Two approaches were undertook to confirm this theory: (1) a study generating DNMT promoter-driven luciferase constructs with either a functional (pDNMT1/3B-Luc) or mutated (pDNMT1/3B-DHRE-Luc) HRE site (Supplemental Material) and (2) a study using the compound DMOG to stabilize HIF-1a in normoxia. As shown in Figure 4 , Hela cells transfected with either pDNMT1-Luc or pDNMT3B-Luc exhibit a significant increase in luciferase expression in hypoxia compared with cells maintained in normoxia. Importantly, when the HRE site is mutated, there is a significant blunting in luciferase activity. Of note, up-regulation of DNMT is not completely abolished, suggesting the possibility that additional hypoxia-mediated transcription factors may contribute to DNMT regulation. A role for HIF-1a in regulating DNMT1 and DNMT3B is further supported by the use of DMOG to inhibit prolyl hydroxylase-dependent degradation of HIF-1a in normoxia.
Collectively, both approaches confirm that hypoxia-mediated up-regulation of DNMT1 and DNMT3B is regulated by the hypoxia-inducible transcription factor HIF-1a. Given that cellular adaptation to chronic hypoxia is a pathological feature of many inflammatory and oncogenic processes, it is likely that the importance of the data presented here extends well beyond the scope of cardiac fibrosis. HIF-mediated hypoxic regulation of DNMT enzymes and resultant DNA methylation changes is likely to be an important normal physiological mediator in response to chronic injury, as well as a pathological feature in the establishment and progression of disease.
Factors in addition to the direct hypoxic insult, that are implicated in the pathophysiology and may impact the global methylation profile, need to be considered. For example, it has been recently reported by Pan et al. that the pro-fibrotic cytokine TGFb can directly inhibit the expression levels of DNMT1 and the de novo methyltransferase DNMT3A in neonatal rat cardiac fibroblasts. This results in hypomethylation of COL1A1 promoter and the subsequent up-regulation of collagen 1 (21) . It is of interest that TGF down-regulated the expression of DNMT1 and DNMT3A and did not impact DNMT3B expression, highlighting a TGF-specific repression of methyltransferase sub-classes. Similarly, we observe hypoxia impacting DNMT1 and DNMT3B expression, whereas DNMT3A was not affected. In addition, in the work by Pan and colleagues, down-regulation of DNMT3A alone was sufficient to hypomethylate COL1A1, while still in the presence of unaltered DNMT3B expression levels. Collectively this suggests that possible distinct roles for DNMT3A and DNMT3B in the pathogenesis of cardiac fibrosis may emerge.
Within our study, we observe a hypoxia-induced net global DNA hypermethylation state, although it is likely that both genespecific hypo-and hyper-methylation changes are occurring within a hypoxic environment, similar to those observed in cancer. A study exploring gene-specific changes within hypoxic cardiac tissue warrants investigation. Several mechanisms could account for our observations, for example, it is possible that the methylation status of collagen repressors, such as FLI-1, could be become hypermethylated in the ischemic heart (22) or that the collagen promoter region itself could become hypomethylated despite apparent global hypermethylation. Additional fibrotic-relevant genes already reported to be influenced by epigenetic medications are reviewed elsewhere (9) . It is also possible that cumulative hypoxic insults on the heart over the life time of a person could influence the methylation status of the heart and may impact the likelihood or rate of myocardial disease development. In fact, even brief exposure to hypoxia in-utero may affect the methylation profile within the myocardium, which could persist to adulthood. For example, an intriguing study carried out by Patterson and colleagues looked at the impact of maternal hypoxia on the methylation status of cardiac genes in the fetus, and in the hearts of the adult offspring. Exposing pregnant rats to 10.5% oxygen between Days 15 and 21 of gestation resulted in the PKC1 gene within the fetal hearts becoming hypermethylated, and this epigenetic mark was maintained in adulthood (23) . Additional environmental stimuli for causing aberrant DNA hypermethylation of the PKC1 gene within the heart have been reported by Meyer and colleagues (24) . The functional importance of this gene in cardiac fibrosis and diastolic dysfunction has been reported previously (25) . Epigenetic mechanisms by which external factors can impact the expression levels of genes within the myocardium are an important area of research and will yield new insights into disease pathogenesis, which have the potential to be modified using epigenetic-based therapeutic approaches. In addition to our reported alterations in DNA methylation, it is also fundamental that we highlight the significance of other epigenetic phenomena that likely contribute to our findings, in particular the role of histone modifications. Several publications have documented the role of histone modifications in the pathogenesis of fibrotic diseases, and the potential therapeutic role of histone-modifying drugs for the treatment of such conditions (9) . Expanding research into the area of hypoxia-induced histone modifications in cardiac fibrosis would be of great value and scientific insight.
Having shown that hypoxia is associated with a pro-fibrotic fibroblast phenotype, which occurs against a background of epigenetic changes, including HIF-1a-mediated up-regulation of the de novo methylating enzyme DNMT3B, we sought to determine whether a DNMT3B-targeted approach could be
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potentially anti-fibrotic. siRNA knock-down of DNMT3B expression in human primary cardiac fibroblasts resulted in a reduction in both collagen 1 and ASMA expression, thus providing evidence that DNMT3B represents a potentially useful therapeutic target in the treatment of fibrotic diseases. Investigating the impact of down-regulating DNMT1 would be of experimental interest and may provide additional fibroticmodulating activity. The potential value of targeting DNMT enzymes in cardiac fibrosis was supported by evidence that 5-aza inhibits the induction of a myofibroblast phenotype. Further work exploring this observation is required, including assessment of the anti-fibrotic potential of 5-aza using additional experimental approaches. These data suggest that changes in DNA methylation play an important role in cardiac fibroblast function in hypoxia, contributing to the fibrotic burden. Whether these changes in DNA methylation are directly involved in the enhanced fibrotic response in vivo requires further investigation. However, we have taken the first step to explore this by using ex-vivo human tissue and highlighted an important association with degree of tissue hypoxia and levels of collagen and DNMT enzymes.
MATERIALS AND METHODS
Human cardiac tissue collection and handling
Human tissue samples were collected from the hearts of 26 stable patients undergoing elective cardiac-bypass surgery. Specifically, right atrial appendages were obtained adjacent to the venous cannulation site. The surgical indication included elective coronary artery bypass grafting (n ¼ 18) and elective valve repair/replacement (n ¼ 8). All subjects gave written informed consent to participate in the study. The study protocol conformed to the principles of the Helsinki Declaration and received local ethical committee approval. Demographic and clinical details of this patient cohort are highlighted in Table 1 . Tissue samples were collected at onset of surgery and immediately divided into two parts and either stored in Allprotect Tissue Stabilization Reagent (Qiagen) for subsequent RNA extraction, or formalin-fixed for histological staining.
Cardiac tissue analysis
For analysis of gene expression within the myocardial samples, the tissue was first individually disrupted and homogenized using an Ultra Turrax T25 Dispersing Instrument (IKA) before the RNA was extracted using the AllPrep DNA/RNA extraction kit (Qiagen), according to the manufacturer's instructions. Firststrand cDNA synthesis was carried out using SuperScript II RT (Invitrogen). Quantitative real-time PCR primers were designed so that one of each primer pair was exon/exon boundary spanning to ensure that only mature mRNA was amplified. The sequences of the gene-specific primers used are as follows: ASMA,
. QPCR reactions were normalized by amplifying the same cDNA with beta-2-microglobulin (B2M) primers, 5
′ (reverse). QPCR was performed using Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen). Amplification and detection were carried out using Mx3000P System (Stratagene). The PCR cycling program consisted of 40 three-step cycles of 15 s/ 958C, 30 s/T A and 30 s/728C. Each sample was amplified in duplicate. In order to confirm signal specificity, a melting program was carried out after the PCR cycles were completed.
For analysis of interstitial collagen within the myocardial sample, formalin-fixed tissue was paraffin-embedded and stained using a Masson's trichrome (MTC) Stain Kit (Dako) optimized for use on an Artisan staining system according to the manufacturer's instructions. In brief, 8 mm-thick sections Following this, tissue sections were incubated in acetic acid and subsequently dehydrated using an alcohol gradient to xylene and coverslipped ready for histological analysis.
Manual scoring of MTC-stained cardiac biopsies
Microscope slides containing 8 mm-thick sections of myocardial tissue stained with MTC were examined by a pathologist (OS) and manually assessed for the degree of fibrosis in a blinded fashion. MTC for collagen type I detection (fibrosis) was graded from 0 to 5, where 0 is the least and 5 is the most severe interstitial fibrosis.
Automated image analysis of MTC-stained cardiac biopsies
The Aperio ScanScope XT Slide Scanner (Aperio Technologies) system was used to capture whole slide digital images with a 20× objective. Automated image analysis was performed using Imagescope (Aperio). A positive pixel count algorithm was used to automatically quantify the area occupied by stain colors within each scanned slide image. Calibration of individual staining patterns was performed by specifying the requisite color (range of hues and saturation) and limits for the desired intensity range. Required input parameters for each stain were based on the HSI (hue, saturation and intensity) color model. To detect the blue color of collagen with MTC stain, a hue value of 0.66 was specified. The equivalent value for detection of red-stained myocytes was 0.0. The default hue width value of 0.5 was used to allow inclusion of a moderate range of color shades. A collagen volume fraction was calculated based on the percent of blue collagen staining quantified within a tissue section.
Primary cell culture
Human primary cardiac fibroblast cells from the adult ventricle (HCF) were purchased from ScienCell Research Laboratories. Primary cells were derived from a single female donor aged 20. Cells between passage 6 and 12 were used for experiments. Of note, for these primary cells, cellular proliferation began to slow from passage 20 onwards. Until required for experiments, cells were cultured and maintained in Dulbecco's modified eagle's medium (Gibco), supplemented with 10% Fetal Bovine Serum (Gibco) and penicillin -streptomycin antibiotics (Gibco) in a 5% CO 2 humidified incubator kept at 378C.
Cell culture treatments
Where indicated, HCF were exposed to a 1% oxygen environment for up to 8 days using a hypoxic chamber (Coy Laboratories). The effects of 10 ng/ml recombinant TGFb1 treatment (R&D Systems) under these conditions were investigated. When required, cells were treated for up to 72 h with 1 mM of the prolyl hydroxylase inhibitor (DMOG) (Sigma) to simulate hypoxia through the induction of HIF under normoxic conditions.
Quantitative flow cytometry
The impact of hypoxia on the global DNA methylation profile in HCF was investigated using an antibody specific to methylated DNA and quantified using flow cytometry as previously described (17, 26, 27) . Briefly, HCF exposed to either normoxia (21% oxygen) or hypoxia (1% oxygen) were fixed in Carnoy's solution prior to 60 min acid hydrolysis in 1 M HCl at 378C. Following this DNA denaturation step, cells were immunostained using anti-5 ′ methylcytidine (5MeC) monoclonal antibody (Eurogentec). IgG1-negative controls were used at the same concentration as the primary antibody. Secondary immunostaining was conducted using an FITC-conjugated rabbit anti-mouse secondary antibody (Dako). Analysis was performed on a CYAN flow cytometer and results assessed using SUMMIT software (Dako).
Quantitative real-time PCR analysis of primary HCF
Gene expression changes were measured in HCF using QPCR as described in the cardiac tissue analysis methods section. RNA isolation from cells was achieved using NucleoSpin RNA II Kit (Macherey-Nagel). QPCR data were analyzed using the delta CT method.
Western blotting
Whole-cell protein lysates were generated using RIPA Lysis Buffer (Millipore), containing a protease inhibitor cocktail (Roche). Nuclear protein extracts were obtained using the Ne-PeR Nuclear and Cytoplasmic extraction Reagents, according to manufacturer's instructions (Pierce Biotechnology). Protein concentrations were determined using the BCA Protein Assay Kit (Pierce). 10-20 mg of protein lysates were denatured, reduced and resolved on SDS-polyacrylamide gels by SDS-PAGE before transferred onto 0.45 mm pore size Immobilon-P polyvinylidene fluoride membranes (Millipore).
Membranes were incubated with blocking buffer (TBS, 0.25% Tween-20, 0.1% serum from species that secondary antibody was raised in, and 5% fat-free skimmed milk) for 1 h at room temperature. Membranes were subsequently probed overnight with either anti-ASMA (Sigma), anti-collagen 1 (Santa Cruz), anti-DNMT3B (Imgenex), anti-DNMT1 (Imgenex) or anti-hypoxia-inducible factor 1a (HIF-1a) (Novus Biologicals). Detection of the specific binding of the primary antibody was achieved using HRP-conjugated secondary antibodies, followed by signal detection with Immobilon Western chemiluminescent HRP substrate (Millipore) according to the manufacturer's instructions. Either anti-lamin A/C or anti-alpha-tubulin (Sigma) was used to verify equal loading.
Generating a functional and mutated DNMT3B and DNMT1 luciferase construct A 258 bp fragment of the DNMT3B promoter containing a putative HRE was cloned and inserted into a pGL3 luciferase construct (Promega), generating pDNMT3B-Luc (28) . Similarly, a 732 bp fragment of the DNMT1 promoter containing a putative HRE was cloned and inserted into pGL3 luciferase, generating pDNMT1-Luc (29) . In addition, a mutated version of both constructs was created by site-directed mutagenesis using QuikChange II Site-
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Directed Mutagenesis Kit (Stratagene) to mutate the putative HRE within the DNMT promoters. Specifically, for DNMT3B, two cytosine bases within the putative HRE were replaced with adenine bases, generating pDNMT3B-DHRE-Luc, and for DNMT1, an adenine base and a cytosine base were replaced with a thymine and an adenine, respectively, generating pDNMT1-DHRE-Luc. For more specific details, please see Supplemental Material. DNA sequencing was used to confirm the presence of the mutation. Either pDNMT3B-Luc, pDNMT3B-DHRE-Luc, pDNMT1-Luc, pDNMT1-DHRE-Luc or empty vector was subsequently transiently transfected into Hela cells using FUGENE HD (Promega). Twenty-four hours posttransfection, cells were either exposed to 1% oxygen for 24 h, or left in normoxia (21% oxygen). The degree of DNMT3B and DNMT1 promoter activity was quantified using the luciferin/luciferase bioluminescence assay following cell lysis with Passive Lysis Buffer (Promega) and incubating with Luciferase Assay Reagent (Promega), with luciferase activity measured on a GloMax 20/20 Luminometer (Promega).
siRNA-targeted DNMT3B knock-down HCF were transfected with either siDNMT3B or control siRNA using DharmaFect4 transfection reagent (Dharmacon). The siRNA gene sequence used to specifically target DNMT3B was 5 ′ AGATGACGGATGCCTAGAGTT 3 ′ . siControl was purchased from Dharmacon (ON-TARGET plus Nontargeting siRNA #2). Transfected cells were incubated for 6 h, replenished with fresh cell culture medium and assessed for changes in protein expression 48 h later using western blotting.
Global DNA demethylation with 5-aza-2 ′ -deoxycytidine
For demethylation analysis, cells were treated with 1 mM 5-aza-2 ′ -deoxycytidine (5-azadc; Sigma) for up to 8 days. The effect of global DNA methylation inhibition on TGFb induction of pro-fibrotic genes was assessed.
Statistical analysis
Data are represented as either the mean + SEM or median (interquartile range) for normally and non-normally distributed continuous variables, respectively, whereas frequencies and percentages (in parentheses) summarize categorical variables. Group comparisons were made using the two-sample independent t-test, x 2 test and Mann -Whitney test where appropriate. Spearman rank-order correlations were performed to assess relationships between non-normally distributed variables. Statistical analysis was performed using the statistical software package GraphPad Prism. P , 0.05 was deemed statistically significant.
